The study focused on the use of compost bacteria to degrade cellulose from grass cuttings as energy and carbon sources for sulphate-reducing bacteria (SRB) in a biological reactor. The fermentation of grass cuttings was carried out by anaerobic bacteria isolated from compost, thereby producing volatile fatty acids (VFA) and other intermediates, which were used as carbon and energy sources for sulphate reduction by SRB. Grass was added daily to the reactor in order to obtain maximum production of chemical oxygen demand (COD) and VFA. The results indicated that daily addition of grass is essential for the efficient VFA production, sulphate reduction and for the cell growth of the microbial biomass. Sulphate reduction of 38% was achieved with an average reactor chemical oxygen demand/sulphate (COD/SO 4 ) ratio of 0.56 mg/ℓ. These results showed that 25 g of grass could produce enough VFA for a sulphate load of 25 g, which is a cost-effective method for sulphate removal.
Introduction
Acid mine drainage (AMD) is the name given to a polluted effluent from base metals, coal-and gold-mine waters. Mining industries produce effluents rich in sulphate, acid and metals due to the oxidation of sulphide minerals, especially pyrite (FeS 2 
The ferrous iron produced is then converted to ferric ion, which is due to further oxidation by the acidophilic bacteria activity. The conversion of ferrous iron to ferric ion consumes one mole of acidity. This reaction is pH dependent with Eq. (2) proceeding slowly under acidic conditions (pH 2 to 3) and several orders of magnitude faster at pH values near 5 (Younger et al., 2002) .
The toxic metals, high salt concentrations and low pH in the AMD pose a major environmental threat through polluting water resources (Picavet et al., 2001) . Ashton et al., (2002) projected a 100% increase in the use of water by the mining and industrial sectors from 1996 to 2030, which could imply an increase in the acid mine drainage problem in South Africa. Being aware of the danger of AMD to the environment, mitigation options could be used to prevent the contamination of streams, rivers and lakes by effluent discharge from the mines or to treat the contaminated water. This is a prerequisite for sustainable development.
This study has attempted to treat AMD biologically using an anaerobic, single-phase digestion and treatment system using the fermentation products of grass cuttings as carbon and energy sources. The use of biological sulphate removal technologies has been practised for years and is shown to compete successfully with other sulphate-removal technologies (Maree et al., 1985; Maree et al., 1986; Gottschalk, 1986) . Biological sulphate removal technology requires the abundance of sulphate reducing bacteria (SRB) which require mesophilic temperatures and strict anaerobic conditions for the best performance (Greben et al., 2000) . The competition for substrates by the SRB and other anaerobic bacteria also depends on the ratio of COD to the sulphate concentration of the wastewater (Hulshoff Pol et al., 1998) . At a COD/sulphate ratio of >0.67 mg/ℓ, sufficient organic matter is present to completely reduce the available sulphate (Garcia et al., 2007) . The SRB are generally less sensitive to H 2 S produced as a result of sulphate reduction than other anaerobic bacteria (Oude Elferink et al., 1994; Greben et al., 2000) . Recently, Greben et al., (2007) explored the use of active biological sulphate reduction technology, so as to treat high volumes of acid mine-water. Bio-waste product used in this study was grass, which was degraded through fermentation, producing volatile fatty acids (VFA) from the cellulose components of grass. Bacteria isolated from rumen fluid were used for the fermentation process in order to produce polymers, monomers and other intermediates from cellulose material. The degradation products were then used as energy sources for the SRB. In this set-up, reactors were operated at 37 to 39 o C. In this study, we have investigated whether the same system could be operated at room temperature and still obtain similar results. We have also used bacteria isolated from compost at room temperature instead of from rumen fluid for the fermentation process. Any industrial process that can reduce energy needs is advantageous because of the shortages of energy supply worldwide and especially in South Africa as experienced by the current electricity load-shedding. 
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Materials and methods
Chemical preparations
The chemicals of analytical reagent grade such as hydrochloric acid (HCl), sodium bicarbonate (NaHCO 3 ) and magnesium sulphate (MgSO 4 .7H 2 O) were used during the experiments. To make a 1 M solution of HCl, concentrated HCl (86 mℓ) was added to water (800 mℓ) and diluted to a final volume of 1 ℓ. A 5% magnesium sulphate was prepared by dissolving 5.0 g of magnesium sulphate in a 100 mℓ volumetric flask and was diluted to a final volume. 0.1 M solution of NaHCO 3 was prepared by dissolving 0.84 g of the salt in a 100 volumetric flask which was later diluted to the mark. Deionised water was used during the preparation of these solutions.
Grass cuttings
The Kikuyu grass cuttings (GC) used for studies 1 and 2 were stored at 4°C. Grass cuttings (GC) were obtained from CSIR Garden Services (Pretoria, South Africa). The length of the GC was 1 to 2 cm. The weight of the grass in this study refers to air-dried grass. The moisture content of the GC was 7.6%, while 1 g GC/ℓ corresponded with a COD concentration of ≈ 1 g/ℓ (Greben et al., 2007) .
Inoculum preparation
A sample of compost was taken from a compost heap and 1 g of this material was added to 5 g of straw suspended in 100 mℓ hydroponics solution contained in a 250 mℓ conical flask. The flask was incubated at 30°C on a rotary shaker for 1 week. At time t 0 (starting time), 18 mℓ of the resulting culture was used as inoculums for a bioreactor. This reactor had a culture volume of 750 mℓ, contained in a 1 000 mℓ cylindrical glass vessel with a screw cap that was equipped with a water trap. The irrigation medium of reactor was 0.5% (v/v) molasses in water with a flow rate of 200 mℓ/d. The content of the reactor was continually mixed using a magnetic stirrer. Straw (5 g) was added to the reactor on a weekly basis after sampling. These inoculums were prepared at the Department of Microbiology, University of Stellenbosch.
Experimental conditions Study 1: Batch-operated reactors
Reactors
Two anaerobic reactors (R10 and R100), each with a volume of 2 000 mℓ were operated at room temperature and a controlled pH of 7.4 to create an environment for the compost microorganisms. The contents of the reactors were stirred by overhead stirrers.
Operation of reactors
Both reactors received 15 mℓ compost bacteria from the inoculums bioreactor, 300 mℓ SRB, 5 mℓ nutrient solution and 2 000 mg/ℓ SO 4 . The sulphate concentration of 2 000 mg/ℓ was added at the beginning of the experiment and on days when the concentration was <500 mg/ℓ. Both reactors were operated for a period of 24 d. Reactor R100 received 100 g grass cuttings once off, whereas reactor R10 received 10 g grass cuttings daily after taking a sample. Reactors were operated at room temperature.
Study 2: Continuously operated reactor
Having studied the parameters that affect the biological sulphate removal in batch reactors, a one-stage continuous reactor was operated. This was to study the optimised parameters in a continuously fed one-stage reactor, with a volume of 10 ℓ (Fig. 1 ). An effluent column of volume 7 ℓ was added to control the outflow of the reactor. An aluminium stirrer was set to stir for 5 minutes per hour. The reactor inflow rate was 10 ℓ/d resulting in a retention time of 1 day. The one-stage anaerobic reactor consisted of a fermentation section and a sulphate removal section. Artificial feed water resembling AMD has been described by Greben et al., (2007) . This contained a SO 4 concentration of ≈ 2 500 mg/ℓ, (Na 2 SO 4 , Crest Chemicals, Johannesburg) as well as a macro-nutrient solution (6.5% N, 2.7% P, 13.0% K, 7.0% Ca, 2.2% Mg and 7.5% S) and micro-nutrient, solution (0.15% Fe, 0.024% Mn, 0.024% B, 0.005% Zn, 0.002% Cu and 0.001% Mo) of which 1 mℓ/ℓ feed water was, used respectively. The pH of the synthetic water was an average pH of 7.4. The bottom part of the reactor contained pumice stones as support material for SRB biofilm formation. Two litres SRB with a VSS of 3 000 mg/ℓ and isolated anaerobic compost bacteria (1 ℓ) were added to the lower and upper part of the reactor, respectively. The upper part also received 160 g grass cuttings.
The one-stage reactor was operated under anaerobic conditions and at room temperature (24 to 25°C). Cellulose fermentation took place in the upper part of the reactor thereby producing VFA. Grass cuttings (25 g) were added on a daily basis to obtain maximum VFA production. The reactor was fed continuously with artificial feed water for a period of 65 days. The feed water was the transport medium for the products from the upper part of the reactor to the lower part where sulphate reduction had to occur (Fig. 1) .
Analytical determinations
The analytical method for determination parameters have been described by Greben et al., 2007 . In brief, determination of sulphate, COD, pH, mixed liquor suspended solids (MLSS) and VSS were carried out according to standard analytical procedures as described in Standard Methods (1985) . All analyses were carried out on filtered samples (Whatman #1) with the exception of the MLSS, VSS and sulphide (How were these analysed). The COD samples were pretreated to eliminate the sulphide contribution to the COD concentration. All VFA analyses were done using a gas chromatograph (Hewlett Packard, HP 5890 Series II) equipped with a flame ionisation detector (FID). The column 
Results and discussion
Study 1: Effect of daily addition of grass cuttings on the VFA concentration
Sulphate reduction
Initially, the reduction of SO 4 was similar in both reactors as shown in Fig. 2 . SO 4 was reduced from a concentration of 2 000 mg/ℓ to 50 mg/ℓ within 3 d of operation. After Day 10, the SO 4 reduction became more prominent in R10, removing the freshly added SO 4 faster, thus by Day 13 the SO 4 concentrations increased to 200 mg/ℓ and 550 mg/ℓ. From Day 13 to 14, there was an abrupt increase of SO 4 in R10; however, from day 14 to 20, there was a continuous reduction in R1, whereas in R100 it was slower (Fig. 2) , thus on Day 20, the SO 4 concentrations were <100 mg/ℓ and 1 000 mg/ℓ, respectively. These differences in the efficiency of sulphate removal between the two reactors can be explained by the fact that in the R10 reactor, grass cuttings were added on a daily basis thus providing enough available VFA and other intermediates of cellulose degradation, such as hydrogen present in the reactor, whereas R100 received grass cuttings once off. These findings are consistent with those of Greben et al. (2007) . However, comparing the rate of sulphate removal in the batch studies at a temperature of 24 to 25 o C with compost bacteria in this study to that by Greben et al. (2007) where the reactor was operated at 37 to 40 o C with rumen bacteria, it was shown that the sulphate removal rate was slightly higher in this study. SO 4 was reduced from a concentration of 2 000 mg/ℓ to 50 mg/ℓ within 3 d of operation while in Greben et al. (2007) it was reduced to less than 800 mg/ℓ in 11 d.
COD concentration
The concentration of COD in the R10 was initially lower than in R100 (Fig. 3) . This was because R100 started with a higher amount of grass cuttings which resulted in a higher COD concentration. During Day 14, the COD concentrations in both reactors were similar. When the COD concentration in R100 decreased, the opposite occurred in R10. This was due to the daily addition of 10 g of grass cuttings, which resulted in a continuously higher COD concentration due to cellulose degradation by the compost bacteria.
VFA concentration
The acetate concentration in R100 increased to just over 500 mg/ℓ up to Day 21 (Fig. 4) . When the propionic and butyric acids increased on Days 22 to 24 (Fig. 5 ) the acetate concentration also increased to almost 1 000 mg/ℓ. This indicated that, due to a lower sulphate reduction, less butyrate was utilised and therefore less acetate was produced when compared to the R10 reactor. The acetate concentration in R10 increased from about 100 mg/ℓ to > 3 500 mg/ℓ (Fig. 4) thus indicating that this reactor where daily grass cuttings were added was more efficient in sulphate removal. The increase of acetate concentration can thus be attributed to the acetate production from the grass cuttings and mainly from the utilisation of the propionic and butyric acids by the SRB. Equations (3) and (4) show the formation of acetate from propionic and butyric acids. Figure 5 shows that in R10 reactor, propionic acid was being utilised. Further, the figure shows that more butyric acid was being produced than was being used for the sulphate reduction. The results seemed to indicate that the SRB utilised propionic acid more readily than butyric acid for SO 4 reduction. This means that acetate was produced principally from butyrate utilisation, in which 1 mole of butyric acid produced 2 moles of acetate and propionate produced 1 mole of acetate (Eqs. (3) and (4) In reactor R100, good sulphate reduction occurred till about Day 10 (Fig. 6 ). During that period most of the butyrate was utilised. After Day 10 the sulphate reduction continued, but at a slower rate. The butyrate concentration in the reactor was still about 200 mg/ℓ and was not as rapidly utilised as at the beginning of the experiment. The above results on the production and utilisation of VFA are consistent with a previous study (Greben et al., 2007) . It is known that when grass-cellulose is degraded by fermenting bacteria, short-chain VFA as well as methane are produced. Hydrogen produced in the presence of sulphate and SRB will typically be used as the preferred energy source by the SRB to such an extent that the SRB will outcompete the methanogenic bacteria (MB) for the available H 2 (Visser, 1995 as cited by Greben et al., 2007) . The preference of SRB for the above compounds can thus be arranged in the following decreasing order; hydrogen > propionate > butyrate > acetate (Greben et al., 2007) . This means that with sufficient hydrogen, propionic and butyric acids available for the SRB, acetic acid will not be utilised for the biological sulphate reduction, which can explain the steady increase in acetic acid and butyric acid concentrations in Figs. 4 and 5, respectively. As shown in Fig. 6 propionic acid was not utilised efficiently compared to butyric acid despite it being preferred by the SRB. This can be attributed to the fact that it could have been produced more than needed by the SRB especially between Day 10 and 22.
Study 2: Biological sulphate removal in a one-stage continuous reactor SO 4 influent and effluent of the reactor The reactor received a SO 4 -rich influent of 2 500 mg/ℓ for 56 d after which it was decreased slightly in order to observe the effect on SO 4 reduction with a lowered feed concentration (Fig. 7) . The performance of the continuous reactor is also summarised in Tables 1 and 2. On average, SO 4 removal of 38% was obtained, although there was a day when the reduction reached 84%, following the addition of fresh compost bacteria (CB) ( Table 2) . However, the mode of SO 4 removal was 48% indicating that the reactor was almost nearly treating half the SO 4 in the influent (Table 2) . Out of 25 g/d SO 4 fed into the reactor, a mean of 10 g/d was removed. The percentage sulphate removal in the one-stage continuous reactor was almost half obtained in the previous study where rumen bacteria were used to degrade grass cuttings (Greben et al., 2007) . In the previous study, mean sulphate removal of 86% was obtained (Greben et al., 2007) . Some of the reasons why this reactor did not perform well with compost bacteria used to degrade cellulose can be explained when looking at the other parameters such as COD/sulphate ratio, pH of the treated, etc. These aspects are discussed below in detail.
COD/SO 4 ratio in a reactor effluent
Cellulose from grass cuttings provides a suitable source of carbon and energy for the SRB to be able to reduce sulphate. Hungate (1966) indicated that with suitable fermentation bacteria, cellulose can be degraded and fermented to VFA and other intermediates. The cellulose consists mainly of polymerised hexose, which can be degraded by natural occurring bacteria such as compost bacteria (Kalia et al., 2000) . Amenability to conversion depends largely on the characteristics of the biomass, the substrate and the process requirements (Sonakya et al., 2003) of the technology under investigation. When the COD/SO 4 ratio is greater than 0.67 mg/ℓ, there is sufficient organic matter to remove sulphate (Hill et al., 1987; Lens et al., 1997; Vallero et al., 2003) . However, excessive organic matter resulting in a COD/ SO 4 ratio of >1 mg/ℓ, can inhibit the sulphidogenic process, thereby favouring methanogenesis. On the other hand, insufficient organic matter provides good conditions for acetogenesis, while excessive acetate in the sulphidogenic reactor can be a limiting factor in biological sulphate reduction (Hill et al., 1987; Lens et al., 1997; Vallero et al., 2003) .
In this study the mean COD/SO 4 ratio of 0.55 mg/ℓ was measured in the effluent from the continuous reactor. This 
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indicates that the SRB started utilising acetate since not sufficient COD was produced. The conditions, thus were favouring the acetogenic process inside the reactor. Although 25 g of grass was added daily into the continuous reactor, the COD concentration was not sufficient enough to sustain sulphate removal. The expected COD concentration was 25 g/ℓ and with a SO 4 concentration of 25 g/ℓ, a COD/SO 4 ratio of 1 mg/ℓ should have resulted as in the batch test. However, other factors such as poorly degradable lignin available in grass cuttings, and sulphide species may have played a role in low COD concentration.
SO 4 removed/sulphide produced ratio
The produced sulphide concentration is dependent on the SO 4 removal rate since sulphate is directly converted to sulphide. Table 1 summarises the sulphide production in the reactor as well as the sulphide/sulphate ratio. Theoretical optimum value sulphide/sulphate ratio of 0.33 has been described by Greben et al. (2007) . In this study a mean value of 0.20 was recorded which is low compared to the theoretical value. Some of the reasons for this can be explained by the fact that part of the sulphide escaped in the gaseous form and was not analysed due to lower reactor pH (Greben et al., 2007) . At neutral pH, most of sulphide exists in gaseous form, while at pH greater than 8, it is present in ionisable form.
VFA utilisation
Due to a lower degradation rate of grass cuttings, lower VFA concentrations were noted in the reactor. Figure 9 shows the concentration of butyrate and propionate. A maximum concentration of about 50 mg/ℓ butyrate was obtained after sulphate reduction. The propionate concentration produced was immediately utilised in contrast to the butyrate concentration because of its preference as discussed above. The acetate concentration reached a maximum of about 1 100 mg/ℓ and decreased as a result of utilisation by the SRB (Fig. 9 ). There was a trend of increasing and decreasing acetate concentration, which was an effect of adding grass, CB and its utilisation by the SRB. Due to lower butyrate and propionate concentration, the SRB were assumed to have utilised acetate as an energy source for sulphate removal. This led to a decreased sulphate removal as SRB grow less favourably on the acetate. 116 mediated by undissociated hydrogen sulphide (H 2 S) species rather than the total sulphide concentration. These aspects will need further investigation.
Conclusions
The study demonstrated that it is possible to use compost bacteria to degrade cellulose from grass cuttings that in turn provide carbon and energy source for the SRB bacteria in a biological reactor. The performance of the one stage continuous reactor was in the range of 38 to 48% which needs further investigation.
